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Abstract 
This paper describes an off-grid (stand-alone) PV system for powering an eddy flux station on tropical grassland in 
 Singapore. Eddy covariance flux systems are used to quantify exchanges of CO2, H2O and 
energy between the atmosphere and land. Our system includes gas analyzers for CO2 and H2O, and sensors for 
rainfall, wind speed, wind direction, long-wave and short-wave radiation, diffuse radiation, and soil heatflux. The off-
grid PV system consists of eight 160Wp monocrystalline solar panels, sixteen 12V deep cycle batteries, a charge 
controller, and an inverter. To monitor the performance of our off-grid PV system, we developed a Python program to 
communicate with the controller and inverter, and record data on a small single-board computer. We applied a Matlab 
program with meteorological measurements to predict the PV array output. The meteorological measurements and 
operating data of the PV system are presented and discussed here. 
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1. Introduction 
Eddy covariance flux stations can provide valuable measurements of land-atmosphere fluxes of carbon, 
water and energy in many environments [1]. However, powering these systems in very remote 
environments can be challenging. Transporting fuel to generators is difficult and emissions from 
generators may corrupt measurements of natural fluxes.  Solar power is often the best option. Our ultimate 
goal is to power flux stations in remote peat forests in Borneo [2].  To design and test PV systems for this 
project, we constructed a prototype system in Singapore where the climate is similar to Borneo.  Here, we 
first describe our procedures for designing and sizing the power system in Section 2. Then, we introduce a 
method for monitoring operating data and system quality in Section 3, followed by a section on simulation 
of PV array output in Section 4. The results and conclusions are presented in Section 5 and 6.   
2. Designing stand-alone PV system for the eddy flux system 
An efficient and reliable PV power system requires careful planning, feasibility assessment, site 
survey, power demand assessment, system component selection, and system performance monitoring [3]. 
We applied the following six steps for designing and sizing our stand-alone PV system.   
2.1. Step 1: Feasibility assessment and site survey 
We selected a pilot study site (Fig. 1) near Kranji reservoir, northwest Singapore  
which is relatively accessible for installation and testing of the stand-alone PV system. At the Kranji site, 
the eddy flux system is to be used all year round. The PV system needs to provide regular power for 
meteorological and eddy flux sensors, and infrequent power for charging portable computers or other 
devices.  
 
 
 
 
                                                                                        
                                                                                        
 
 
 
 
 
 
 
 
Fig.1. The stand-alone PV power system for eddy flux station in Kranji, Singapore 
2.2. Step 2: Concept of the PV system  
 At our field site in Borneo, we will place the PV array at least 500m away from the flux instruments to 
minimise effects of the PV array on air temperatures or wind speeds where the fluxes are measured [2]. 
Because the PV array is located far from the loads, we reduce transmission losses by converting the 48V 
system voltage to 220V before transmission. The direct current output from the PV array is converted to 
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220 VAC with an inverter, and then reconverted to 12 VDC and 24 VDC after transmission for use by the 
flux instruments.  At the Kranji site, we applied the same system concept. We established a system 
voltage of 48 VDC and the distance between the PV array and loads was about 30 m [2].  
   
To monitor the performance of the PV array and battery condition, we developed a Python program to 
communicate with the controller and inverter, and then logged the data with a small single-board 
computer. To remotely monitor the status of PV system, we used a 3G mobile broadband router to access 
information from the single-board computer.  
2.3. Step 3: Determination of the load demand 
 The daily power requirements for major eddy flux instruments are shown in Table 1.  Most energy 
ratings of the instruments are obtained from the user manuals. For those without energy rating, we 
estimated the power consumption using a portable power meter. The estimated loads here are mostly the 
average daily wattage of each instrument, although some flux instruments require more power during 
warm-up periods and with accessories [3]. 
 
Table 1.  Energy requirement for eddy covariance flux station at Kranji site 
Major loads of instruments 
(model) 
Power rating of 
instruments [W] 
Quantity Total power 
required [W] 
 Daily energy 
requirement [Wh] 
Sonic anemometer (CSAT3) 2 W 1 2 W  48 Wh 
CO2/H2O analyzer (Li7500A) 12 W 1 12 W  288 Wh 
Close-path system (Li7000) <55 W 1 55 W  1320 Wh 
CH4 analyzer (Li7700) <16 W 1 16 W  384 Wh 
Radiation shield fan 4 W 1 4 W  96 Wh 
Datalogger (CR1000) <0.4 W 1 0.4 W  9.6 Wh 
Meteorological sensors <3 W 1 3 W  72 Wh 
Soil heatflux sensors <2 W 2 4 W  96 Wh 
3G wireless mobile broadband  12 W 1 12 W  288 Wh 
Single board computer (Gumstix) ~1 W 1 1 W  24 Wh 
Totals   109 W  2626 Wh 
 
2.4. Step 4: Sizing of the PV array 
To determine the size of the PV array at Kranji site, we first estimated our required peak wattage [4]: 
 
Ppv = Ed / (SUNd × Nsys)           (1) 
 
where Ppv (Wp) is the required peak wattage of the PV array,  Ed (Wh) is the daily energy requirement of 
the system, which was determined to be 2626 Wh from Table 1. SUNd is the peak sun hours, we used a 
SUNd value of 3.5 hours for the site in Singapore [5]. Nsys is the total system efficiency factor, which has 
considered losses in each component and components that do not function perfectly. The efficiency factor 
was assumed to be 0.6 [4], which includes 20% losses due to the PV modules not operating at their 
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Maximum Power Point (MPP) and temperature effects, 10% battery losses, 10% inverter losses, 2% 
losses in charge controller, 2% losses to account for voltage drop in cables from PV array to battery, and 
2% losses in distribution cable from battery to loads. Therefore, we determined Ppv of this system to be 
about 1250Wp. 
2.5. Step 5: Sizing of the storage system 
For our system, batteries are the key component to ensure operation at night and during rainy and 
overcast periods. The minimum size of a battery bank for our system is estimated from the required 
battery capacity [4]:  
 
Qsys = (Ed × Ss) / (Vdc × Bdod × Ninv × Ncable )  (2) 
 
where Qsys (Ah) is the minimum required battery capacity,  Ed (Wh) is the daily energy requirement of the 
system. Ss is the required days of storage; we designed the system to last for at least 5 consecutive rain 
days. Vdc is the system DC voltage, which is 48 VDC for our system. Bdod (%) is the maximum allowable 
depth of discharge (DOD) of a battery. We applied a Bdod of 0.8 for our deep cycle batteries. Ninv is the 
inverter efficiency factor, which is assumed to be 0.9. Ncable is a factor to account for cable losses in 
delivering the power from battery to loads. We used Ncable of 0.97 following [4]. Thus, the minimum 
capacity of the battery for our PV system will be 392 Ah. 
2.6. Step 6: Selecting the components 
Considering our original design of eddy flux station is located at a remote forest area with limited open 
space, we selected 160 Wp high-efficiency mono-crystalline PV modules (Sunseap AS160M). Each 
module has a rated voltage (Vmpp) of about 34.8 VDC and rated current (Impp) of 4.6 A. At least eight PV 
modules are needed to provide enough power for the flux system (1250 Wp ÷ 160 Wp = 7.8 modules).  
For the Kranji site, we installed eight PV modules that give a bigger array size of 1280 Wp. To protect the 
batteries from overcharging and prevent the batteries from discharging into the PV array, we used a 
charge controller (Sungrow SD4860). Since the total energy requirement for the system at any time will 
be about 109 W, we selected a 1000 W inverter (Sungrow SN481KS). The extra capacity will allow us to 
expand the system and deal with devices requiring high starting current. In addition, the inverter will have 
a high efficiency when the loads are low [4].  
 
We used sealed gel-type deep cycle lead-acid batteries (12 V, 100 Ah) because they are mostly 
maintenance-free with a reasonable price. We installed sixteen batteries with a capacity of 1600 Ah, about 
four times larger than the minimum storage requirement 392 Ah from equation 2. Figure 2 shows the 
wiring diagram of the PV system. Because the design system voltage is 48 VDC, the eight PV modules 
are connected in four arrays; each array has two PV modules in series to get a 69.6 VDC configuration. 
To obtain a voltage level of 48 VDC, 12 V batteries are connected in series-parallel. Since the parallel 
configuration is unavoidable for our case, we will monitor individual battery to identify any faulty battery 
and prevent asymmetries between the batteries.     
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Fig. 2. Schematic of the stand-alone PV power system at Kranji.
3. Monitor operating data and system performance
A comprehensive operating data monitoring system is important and necessary to detect failures or 
faults of the stand-alone system, especially in remote areas. We decided to set up our monitoring system
because we encountered power failure problems at the earlier operating stage. Our monitoring system
includes four major parts (Fig. 3). The first part measures operating outputs (e.g., solar current, charge 
current, load current, and battery voltage) of the PV system. In general, these outputs can be read from
charge controllers and inverters. The second part communicates with the charge controller and inverter 
for reading operating information, which requires proper protocols from the manufacturer to
communicate with the devices and interpret readouts. The third part stores operating data to a recording 
device. The final part transmits operating information and automatically sends out warning messages
(e.g., low battery alert) to the operator.
Based on protocols from the manufacturer, we developed communication with the charge controller 
and inverter through a RS-485 interface. A Python program sends out requests and receives data from the 
devices. The outputs are recorded every minute on a single-board computer (Gumstix). We did not install
a regular computer at the field site because it consumes more power than the single-board computer. To 
view the operating information remotely, we connect the single-board computer to a 3G mobile
broadband router (Aztech Hw550-3G). We plan to use our datalogger (Campbell, CR1000) to send an
email alert when the sensors receive insufficient power supply.
The solar resource and weather conditions are also measured every minute at our eddy flux station. We
use a diffuse photosynthetically active radiation (PAR) sensor (Delta-T, BF3) to measure total and diffuse
radiation, and a net radiometer (Kipp & Zonen, CNR 1) to observe shortwave and longwave radiation
from the sky and the ground. Although the radiation sensors do not have the same spectral response as
the PV cells, we assume they provide reasonable estimate of the available solar power for evaluating the
stability of our power system. Temperature and humidity data are measured using an aspirated radiation 
shield with Vaisala probes (HMP 155). Rainfall is monitored with a tipping-bucket rain gauge (Texas 
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Electronics, TR-525S). Wind speed and direction are measured using a 3D sonic anemometer (Campbell
Scientific, CSAT-3) and 3-cup anemometer and microvane (RM Young, Gill 12005D)
Fig. 3. PV system performance monitoring design
4. Modelling the PV Array Output
The PV array contains eight PV modules. Each PV module consists of solar cells, connections and 
protective components. Solar cells, which convert sunlight into electric energy, are made of 
semiconductor materials that have one positive and one negative terminal. When photons hit the cells,
electrical charge in the semiconductor layers separate and produce a DC voltage [6].  The output of a
solar cell can be estimated using an electrical equivalent one-diode model, which includes a current
source (Ip), one diode and a series resistance (Rs) [6].  
I net =Ip - Io {exp [Ee×(Vdc + I net × Rs) / (m × k × Tc )] 1} (3)
where Inet  is the net current, Io is the dark saturation current, Ee is the electronic charge, Vc is the voltage 
of the cell, m is an idealizing factor, k is the gas constant, and Tc is the absolute temperature
of the cell. This one-diode model can be implemented using a Matlab program based on Gonzalez-
Longatt [7], who used radiation and temperature as variable parameters to simulate the current output of 
solar cells. We modified the Matlab program (see Appendix A) for the Sunseap AS160M PV modules,
and applied our field measurements of total radiation and temperature as the model inputs. We set m to 
1.2 following [7].
5. Results and discussion
Figure 4 shows the observed radiation between 29 September 2012 and 2 October 2012, data from the 
charge controller and inverter, and simulated PV current based on the measured radiation. In general,
solar radiation gradually increased after sunrise, and reached its peak around noon. Then, it declined and 
became zero after sunset. The diffuse radiation contributed a significant proportion of total solar energy
during this time period. The observed PV current had a similar diurnal pattern to the radiation. The 
simulated PV current normally matched well with the observations at the early morning and during the
time periods when the batteries were not fully charged. The model does not include the function of the
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charge controller. When the batteries are fully charged, the charge controller reduces current to the 
batteries so that they do not overcharge.  This appears to have worked during early afternoon of 30 
September and 1 October 2012. At that time, the batteries had been charged fully and the battery voltages 
remained about 55V, while the measured PV current dropped below the possible higher values calculated 
by the model. 
  
We used the observed battery discharge current and battery voltage data from the Sungrow inverter to 
estimate the system load. Since we had not installed all environmental measurement instruments, the 
estimated system load was lower than the original design (i.e., 109 W). Based on the deployed sensors, 
we determined the present system load to be about 27 W. The observed system load (about 35 W) was 
higher than the calculated power consumption of deployed sensors. The battery voltage also showed a 
close relationship with the observed PV current. During daytime, when the total radiation was over about 
100 Wm-2, the PV array started to generate current for charging batteries. To prevent overcharging of the 
batteries, the charge controller was set to switch from charging mode to floating mode once the battery 
voltage reached about 55 V. The battery voltage dropped quickly at night fall and gradually decreased 
until charging current became available in the following day.  
 
 
Fig. 4.  Field measurements of total and diffuse radiation, comparison between observed and simulated PV array current, 
estimated system load, and battery voltage between 29 September 2012, 0:00 and 2 October 2012, 0:00. The simulation of 
the PV current did not include the operation of the battery charge controller. 
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Figure 5 shows the details of weather conditions when the PV array produced low power on 29 
September 2012. During that day, the solar source was dominated by diffuse radiation, and the downward 
shortwave radiation was the major contributor with a small portion from longwave radiation. Before 8 
a.m., the temperature was low (i.e., about 25ºC) and relative humidity was high (i.e., about 100%) Then, 
the temperature went up and relative humidity declined as radiation increased from 8-10 a.m. Soon after, 
the pattern changed when it started to rain (data not shown here) around noon. At that time, the radiation 
and temperature dropped quickly while the relative humidity increased suddenly.  The wind speed also 
showed a similar diurnal pattern, with higher wind speed during the early afternoon.  
Fig. 5. Field measurements of total and diffuse radiation, upward and downward shortwave and longwave radiation, relative 
humidity, temperature and wind speed on 29 September 2012  
 
6. Conclusions 
We established a solar powered meteorological and eddy flux station in Kranji, Singapore in late 2010. 
This is a pilot study to evaluate solar resources and power consumption required for building larger eddy 
flux towers in tropical peat forest in Borneo. We encountered power failures during the early operating 
periods, mainly due to unexpectedly high device power consumption and damaged connections. To detect 
failures or faults of the stand-alone system, we developed a comprehensive operating data monitoring 
system and a model for simulating the PV array output. Our meteorological data provide the necessary 
information (i.e., solar radiation and temperature) for simulating the solar power output from the PV 
panels. The operating data from charge controller and inverter are essential for troubleshooting and 
assessing the performance of our stand-alone PV system.     
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Appendix A. The Matlab program for modeling PV module output 
function Ia=solar_AS160M(Va,Ga,TaC) 
% this function simulate the output from Sunseap Solar AS160M 
-Longatt, Model of Photovoltaic Module in 
% Matlab, II CIBELEC, Puerto La Cruz, Venezuela, Dec. 2005. 
  
% ----------------------------------------Output------------------------------------- 
% Ia :Net current of the module at Va, Suns, TaC 
% -----------------------------------------Input-------------------------------------- 
% Va  :Module voltage 
% Ga  :Irradiance (1 Suns=1k W/m^2) 
% TaC :Cell Temperature 
% -------------------------------------Governing Equation------------------------- 
%  I = Iph - I0.*[exp((q.*(V+I.*Rs)/m.*k.*Tc))-1] .....[Eq 1] 
% where 
%  I   :Net current 
%  Iph :Photocurrent (temperature dependance) 
%  q   :Electronic charge 
%  V   :Voltage imposed across cell 
%  I0  :Dark saturation current (temperature dependance) 
%  Rs  :Series resistance 
%  m   :Idealising factor (determined by curve fit) 
%  k   :Boltzmann's gas constant 
%  Tc  :Absolute temperature of the cell 
 
% *********************************************************************** 
% Step 1: Module data under STC 
% *********************************************************************** 
% Manufacturer's datasheet for the PV module under standard test  conditions (STC)  
% of irradiance (1kW/m2, spectrum AM1.5, cell temperature of 25C) 
  
% --For Sunseap AS160M: 72 high efficient Mono-crystal silicon solar cells 
Pmax_T1=160; % Rated power (unit:Wp) 
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Isc_T1=5.10;  % Short circuit current under STC (unit:A) 
Voc_T1=43.5; % Open circuit voltage under STC (unit:V) 
Nsm=72;    % Number of cells in series 
Npm=1;     % Number of cells in parallel 
Vcoef=-0.0038; % Temperature Coef for Voc (TC idling voltage: -0.38 %/K) 
Icoef=0.00040; % Temperature Coef for Isc (TC short circuit current: 0.04 %/K) 
  
% --Arbitrary parameter for AS160M 
m=1.2; % Idealising factor (based Gonzalez-Longatt 2005) 
n=1.2; % Quality of diode factor(based Gonzalez-Longatt 2005) 
Vg=1.12; % Band gap (unit: eV) for Si cell, set 1.75 for amorphous cell 
 
% *********************************************************************** 
% Step 2: Cell Parameters under STC 
% *********************************************************************** 
 
% ----------------------------------Constant------------------------- 
k = 1.38e-23; % Boltzmann's gas constant (unit:m^2 kg s^-2) 
q = 1.60e-19; % Electronic charge (unit: coulombs) 
 
%--------------------------Compute cell parameter---------------- 
% -----At 25C 
T1 = 273+25; % Absolute cell temperature of 25C (unit: k) 
Ga1= 1;    % Irradiation under STC (unit: 1 Suns= 1000W/m^2)  
VCoc_T1=Voc_T1/Nsm;  
ICsc_T1=Isc_T1/Npm; 
% -----At 75C 
T2 = 273+75; % Absolute cell temperature of 75C (unit: k) 
VCoc_T2a= VCoc_T1 .* (1+(Vcoef.*(T2-T1))); 
VCoc_T2=VCoc_T2a /Nsm;  
ICsc_T2a= Isc_T1 .* (1+(Icoef.*(T2-T1))); 
ICsc_T2=ICsc_T2a/Npm; 
  
% *********************************************************************** 
% Step 3: Cell Parameters under operating condition (Va,Ga,TaC) 
% *********************************************************************** 
 
%-------------------Based on Gonzalez-Longatt, 2005--------------- 
Suns=Ga/1000; % Irradiation under STC (unit: 1 Suns= 1000W/m^2)  
TaK = 273 + TaC;                    % Temperature  
K0 = (ICsc_T2 - ICsc_T1)/(T2 - T1); % Equation (4) 
IL_T1 = ICsc_T1 * Suns;             % Equation (3) 
IL = IL_T1 + K0*(TaK - T1);         % Equation (2) 
I0_T1=ICsc_T1/(exp(q*VCoc_T1/(n*k*T1))-1); 
I0= I0_T1*(TaK/T1).^(3/n).*exp(-q*Vg/(n*k).*((1./TaK)-(1/T1))); 
Xv = I0_T1*q/(n*k*T1) * exp(q*VCoc_T1/(n*k*T1)); % Equation (8) 
dVdI_Voc = - 1.15/Nsm / 2; 
Rs = - dVdI_Voc - 1/Xv;  % Series resistance; Equation (7) 
Vt_Ta = m * k * TaK / q; % = m * kT/q 
   
% *********************************************************************** 
% Step 4:  Module current under operating condition (Va,Ga,TaC) 
% *********************************************************************** 
 
Vc = Va/Nsm; 
Ia = zeros(size(Vc)); 
% Newton's Method 
for j=1:5; 
    Ia = Ia - (IL - Ia - I0.*( exp((Vc+Ia.*Rs)./Vt_Ta) -1))./... 
        (-1 - (I0.*( exp((Vc+Ia.*Rs)./Vt_Ta) -1)).*Rs./Vt_Ta); 
end 
